electrochemistry, 16, 23 spectrophotometry, 24 and chemiluminescence, 25 A novel photoelectrochemical strategy for the sensitive determination of p-nitrophenol (PNP) was developed using a glassy carbon electrode (GCE) modified with CdSe quantum dots (QDs) and DNA composite film (CdSe-DNA/GCE). Various surface analytical techniques, including X-ray diffraction (XRD), transmission electron microscopy (TEM) and scanning electron microscopy (SEM), were employed to characterize the synthesized CdSe QDs and CdSe-DNA modified electrode. The interfacial behaviors of the modified electrodes were analyzed by electrochemical impedance spectroscopy (EIS), and the interaction between PNP and DNA was studied by UV-visible spectrometry. Due to the PNP-DNA interaction, CdSe-DNA/GCE exhibited a sensitive photocurrent response toward PNP under visible-light irradiation. The influencing factors, such as the concentration of DNA used for fabricating CdSe-DNA/GCE and the bias potential applied in the photoelectrochemical measurement, were investigated. Under the optimized conditions, the photocurrent on CdSe-DNA/GCE was linearly increased with the PNP concentration from 0.7 to 50 μmol L -1 , with a detection limit (3 S/N) of 0.27 μmol L -1 . The proposed photoelectrochemical strategy was successfully applied to monitoring the degradation of PNP.
Introduction
Semiconductor quantum dots (QDs) have been widely used in photoelectrochemical sensing systems as photoactive material due to their small band gap and size-tunable optical properties. [1] [2] [3] In particular, CdSe QDs, a typical II-VI semiconductor, have been demonstrated to be very efficient in photoelectric transformation under visible-light illumination. 4, 5 When CdSe QDs are irradiated by photons whose energy exceeds the band gap of CdSe QDs (1.70 eV), electrons are excited from the valence band of QDs to the conduction band, leading to the formation of charge carriers composed of photogenerated hole (h + ) and electron (e -) pairs. The photogenerated electrons on QDs can be driven by an external bias potential to the counter electrode to produce a detectable current signal (photocurrent) when QDs are attached to electrodes. Based on such a photocurrent signal, various photoelectrochemical sensors have been fabricated, which could provide a high sensitivity, potentially matching that of electrochemiluminescence sensors owing to their separate excitation source and detection system. 6 On the other hand, in order to improve the photoelectrochemical sensing performance, many kinds of biomolecules, such as aptamer, 7, 8 antibody, 3, 9 and DNA, 10, 11 which can interact with analytes, have been introduced as recognition elements to form biomolecule/semiconductor QDs hybrid systems. 12 Different from an aptamer or antibody, which binds to a specific target, DNA can interact with many organic compounds and heavy metal ions. 13, 14 Because DNA is well-known as the genetic material of human beings and other organisms, the interactions of DNA with chemical compounds may damage the genetic information within a cell, while causing mutations. Therefore, DNA-based sensors have been extensively developed to the environmental screening of toxic compounds. 15 As a widely used industrial compound, p-nitrophenol (PNP) has been listed as a priority pollutant by US Environmental Protection Agency (EPA) due to its toxic effects on humans, animals and plants. 16, 17 Particularly, PNP interacting with DNA leads to significant damage to the health of human being. 18 However, the presence of a nitro group in PNP causes this aromatic compound to experience a strong chemical stability and resistance to microbial degradation. 19, 20 Therefore, monitoring and controlling the level of PNP in waste, drinking and surface waters have always been an important task regarding environmental protection. Various instrumental techniques, including chromatography, by assembling CdSe QDs and DNA on TiO2 film deposited on FTO conducting glass. 26 Moreover, our group designed a photoelectrochemical sensing platform for catechol using CdS QDs, DNA and graphene nanocomposite modified FTO electrode. 27 In the present work, we demonstrated that even without using TiO2, graphene or transparent FTO conducting glass, a glassy carbon electrode (GCE) modified with CdSe QDs and DNA composite could serve as the photoelectrochemical sensor for PNP. In an as-prepared modified electrode, CdSe QDs acted as a photoactive material to produce a photocurrent signal; further DNA was utilized as a recognition element that could interact with PNP to exhibit an increased photocurrent response toward PNP. The photoelectrochemical response of CdSe-DNA/GCE was linearly proportional to the concentration of PNP in the range of 0.7 to 50 μmol L -1 . Moreover, the photoelectrochemical response of this modified electrode toward PNP after being degraded by a UV or UV/H2O2 treatment was analyzed.
Experimental

Reagents and chemicals
Herring sperm DNA was provided by Sigma. A poly(diallyldimethylammonium chloride) solution (PDDA) was obtained from Aladdin. Cd(ClO4)2·6H2O and mercaptoacetic acid were provided by Alfa and Kermel Chemical Reagent Co., Ltd. (Tianjin, China), respectively. Other reagents in analytical grade were obtained from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China), and were used without further purification. Doubly distilled water was used throughout the investigation.
Preparation of CdSe QDs and electrode modification
Water-soluble CdSe QDs were synthesized by a hydrothermal method, as described previously. 26 A NaHSe aqueous solution was prepared by dissolving Se powder (0.25 mmol) in a NaBH4 solution (1 mmol in 5 mL H2O) under continuous nitrogen supply at 35 C for 30 min. Mercaptoacetic acid (0.1 mL) was added into a 1.25 mmol L -1 Cd(ClO4)2·6H2O solution (200 mL), followed by adjusting the solution pH to 11 by adding 2.0 mol L -1 NaOH. The obtained mixture was transferred into a round-bottomed flask (250 mL) and reflux at 100 C under constant passage of high-purity nitrogen gas for 30 min, and then 5 mL of freshly prepared oxygen-free NaHSe (0.05 M) was slowly injected into this. After a 4-h reaction, the product of CdSe QDs was collected by centrifugation, washed several times with ethanol and dried at 60 C. To prepare the modification solution, suitable amounts of CdSe QDs and DNA were, respectively, weighted and dissolved in water to obtain a mixture solution of 2 mg mL -1 CdSe QDs and 1.2 mg mL -1 DNA with the aid of ultrasonic agitation.
For electrode modification, a GCE surface was pretreated by polishing with sheets of emery paper and washing successively with ethanol and deionized water. After being dried with nitrogen gas, the GCE surface (exposed geometric area of ca. 0.071 cm 2 ) was coated with 10 μL of a PDDA solution (containing 2% PDDA in 0.5 mol L -1 NaCl) to make the electrode surface positively charged. After drying under an infrared lamp, the electrode surface was rinsed thoroughly with deionized water to remove any loosely adsorbed PDDA. Then, 5 μL of a CdSe-DNA solution was coated on the electrode surface to obtain a CdSe-DNA modified GCE. The CdSe QDs modified electrode (CdSe/GCE) was prepared in the same way by coating the electrode surface with 5 μL of a 2 g L -1 CdSe QDs solution.
Apparatus and procedures
A TecnaiG220 transmission electron microscope (TEM) (FEI, Netherlands) and a Quanta 200 field emission scanning electron microscope (FESEM) (FEI, Netherlands) were employed for the morphology characterization. The X-ray diffraction (XRD) pattern was measured using a Philips X'pert Pro X-ray diffractometer (PANalytical, Netherlands) equipped with a Cu Kα (λ = 1.54 Å) radiation source. The accelerating voltage and applied current were 40 kV and 40 mA, respectively. The UVvisible absorption spectra were measured with a TU-1900 UVvisible spectrometer (Beijing Purkinje General Instrument Co., China).
All photoelectrochemical experiments and electrochemical impedance analysis (EIS) were performed on a CHI660A electrochemical workstation (Shanghai Chenhua Instrument Co., Ltd., China) in a conventional three-electrode system. The fabricated CdSe-DNA/GCE, a platinum wire, and a saturated calomel electrode (SCE) were employed as the working, counter and reference electrodes, respectively. A PLS-SXE300 lamp with an optical filter (λ > 420 nm) (Perfect Co., China) was used as a visible light source; the distance between the lamp and the electrode surface was 10 cm. All photoelectrochemical measurements were carried out in a 0.1 mol L -1 Na2SO4 solution. Also, the photocurrent was recorded after the working electrode surface was exposed under irradiation for 20 s.
The photodegradation experiments were carried out in a quartz beaker containing 100 mL of 1.0 mmol L -1 PNP and a 0.1 mol L -1 Na2SO4 aqueous solution. A 15-W UV lamp with a major emission wavelength of 254 nm was used as the UV irradiation source. After irradiating for an appropriate time, 2 mL of the sample was taken out of the photoreactor and boiled to remove any excess hydrogen peroxide, and then analyzed using the proposed photoelectrochemical sensor.
Results and Discussion
Characterization of CdSe QDs and modified electrodes
The crystalline nature of synthesized CdSe QDs was investigated by XRD. As shown in Fig. 1A , the XRD pattern of CdSe QDs showed three diffraction peaks at 25.3 , 42.0 and 49.7 , corresponding to the (111), (220) and (311) crystal planes of CdSe, respectively. This result is consistent with the cubic structure of CdSe (JCPDS 19-0191). At the same time, the size of the obtained CdSe QDs was analyzed by TEM. As can be seen in Fig. 1B , the diameter of the CdSe QDs is estimated to be 8 nm. Figure 2 compares the surface morphology of the CdSe QDs modified electrode with and without DNA. It was observed that many CdSe particles were homogeneously distributed in the electrode surface (Fig. 2A) . The larger particles are due to the aggregation of CdSe QDs. While the electrode is modified with a composite of CdSe QDs and DNA, the surface morphology exhibits obvious change. Although larger particles are still found, most parts of the electrode surface are covered with very small CdSe particles (Fig. 2B) . This result implies that DNA is helpful for reducing the aggregation of CdSe QDs on the electrode surface.
Impedance analysis of modified electrodes
The interfacial behaviors of modified electrodes were studied by EIS measured in 0.1 mol L -1 KCl using [Fe(CN)6] 3-/4-as a redox probe. Based on the semicircle diameter of a Nyquist plot, the electron-transfer resistance (Ret) values of different electrodes were evaluated and compared. The Ret value on bare GCE is 520 Ω (curve a in Fig. 3 ). While the GCE is coated with CdSe QDs, the Ret value is increased to 840 Ω (curve b in Fig. 3) , indicating that the electron transfer on the electrode is blocked by CdSe QDs. The blockage of CdSe QDs to electron transfer can be attributed to two possible aspects. First, the semiconducting property of CdSe QDs reduces the conductivity of the electrode. Second, negatively charged CdSe QDs repels [Fe(CN)6] 3-/4-on the electrode. When the composite of CdSe QDs and DNA are coated on the GCE surface, the Ret value is further increased to 1380 Ω (curve c in Fig. 3 ). This result is consistent with the electrostatic repulsion between negatively charged DNA and [Fe(CN)6] 3-/4-, thus confirming the successful immobilization of DNA on the electrode surface.
Interaction between PNP and DNA studied by UV-visible spectrometry
UV-visible spectrometry is a traditional method for studying the pollutant-DNA interaction. 28 Figure 4 shows the UV-visible absorption spectra of PNP, DNA, and the mixture of PNP and DNA in 0.1 mol L -1 PBS at pH 7.0. As can be seen, PNP shows four absorption peaks at 202, 227, 320 and 396 nm (curve a in Fig. 4A ), while DNA has two absorption peaks appearing at 203 and 260 nm (curve b in Fig. 4A ). When the PNP solution was mixed with DNA, an evident bathochromic effect for the absorption peak of PNP at 202 nm was observed with increasing the concentration of DNA (curves c -f in Fig. 4A ), which is in agreement with the DNA intercalation. Further observation showed that the peaks of PNP at 320 and 396 nm decreased slightly with the addition of 0.01 g L -1 DNA (Fig. 4B) , attributed to the electronic interaction between PNP and DNA bases. 29 These results confirm the interaction between PNP and DNA, which provides the basis for fabricating DNA-based sensors for PNP. Figure 5A compares the photoelectrochemical responses of CdSe-DNA/GCE and CdSe/GCE in a 0.1 mol L -1 Na2SO4 solution. It can be seen that both of the modified electrodes respond sensitively to visible-light irradiation. When the lamp is turned on, the current is rapidly increased, and then levels off to a nearly steady state photocurrent value. While the lamp is switched off, the current quickly decreases to a low dark-current value. Nevertheless, the photocurrent of CdSe-DNA/GCE (curve a in Fig. 5A ) is obviously lower, as compared with CdSe/ GCE (curve b in Fig. 5A ), which should be assigned to the decreased conductivity of the electrode by DNA, a nonconductive biomolecule. 26 When PNP is present in solution, the photocurrent on CdSe-DNA/GCE is significantly enhanced (curve c in Fig. 5A) . Thus, the photocurrent difference (ΔPI) before and after adding PNP in the electrolyte is used to evaluate the photoelectrochemical response of the modified electrode toward PNP.
Photoelectrochemical response of CdSe-DNA/GCE toward PNP
To elucidate the role of DNA in the fabricated electrode, several CdSe modified electrodes were prepared with a fixed CdSe QDs concentration (2 mg mL -1 ) and different concentrations of DNA. Figure 5B depicts the variation of the ΔPI value of PNP with the DNA concentration on these modified electrodes. It can be seen that the photoelectrochemical response is promoted with increasing the DNA concentration from 0 to 1.2 mg mL -1 , but decreased with a further increase of the DNA concentration. It is considered that many PNP molecules are adsorbed on the surface of the CdSe-DNA/GCE due to the interaction between DNA and PNP. Under visible-light irradiation, the adsorbed PNP molecules are quickly oxidized by the photogenerated holes from QDs, resulting in an increased photocurrent with the assistance of a positive bias potential. Abundant DNA could adsorb more PNP onto the electrode surface to participate the photoelectrochemical reaction, which is advantageous to provide a higher photoelectrochemical response. Nevertheless, as a nonconducting macromolecule, DNA reduces the conductivity of the electrode, which suppresses the electron transfer on the electrode. Thus, excessive DNA in the composite film would decrease the photoelectrochemical response of PNP, and 1.2 mg mL -1 DNA was considered to be the optimized concentration for fabricating the modified electrode.
On the other hand, the applied potential also plays an important role in photoelectrochemical sensing because the bias potential affects the recombination probability of the photo-generated electrons/holes. 30 Figure 5C shows the ΔPI values of PNP on the CdSe-DNA/GCE under different applied bias potentials, changing from 0.1 to 0.5 V. The photoelectrochemical response is found to be increased with increasing the bias potentials from 0.1 to 0.4 V. While the bias potential is higher than 0.4 V, the photoelectrochemical response does not show any further enhancement. Accordingly, a 0.4 V applied potential was chosen as being the optimum condition for the photoelectrochemical determination of PNP on such an electrode.
Photoelectrochemical determination of PNP on CdSe-DNA/GCE
Based on the above optimum conditions, the quantitative determination of PNP was carried out on the developed CdSe-DNA/GCE by photoelectrochemical measurements. Figure 6 illustrates the photocurrent responses of the modified electrode toward PNP at different concentrations. As can be seen, the photocurrent increases with increasing the concentration of PNP. The ΔPI value is linearly proportional to the PNP concentration, ranging from 0.70 to 50 μmol L (Table 1) , the proposed photoelectrochemical sensor shows a moderate detection limit with an acceptable linear range.
Photoelectrochemical monitoring of PNP degradation
The proposed photoelectrochemical strategy was employed to monitor the degradation of PNP, which was treated by UV irradiation. Figure 7A shows the photoelectrochemical responses of CdSe-DNA/GCE toward PNP before and after being degraded for different times under UV irradiation. As can be seen, the photocurrent response of the modified electrode toward PNP is decreased with increasing the degradation time. The decay percentage of the photoelectrochemical response toward PNP after 40-min of degradation was calculated to be 40.1%, close to the degradation efficiency of 39.9%, determined by spectrometry at the maximum absorption wavelength of PNP (316 nm). This means that the degraded PNP molecules have no contribution to the generation of a photocurrent, which should be owing to the fact that degraded PNP molecules are unable to consume the photogenerated holes on CdSe-DNA/ GCE. Furthermore, the photocurrent on the modified electrode exhibits a more significant decrease when a higher concentration of H2O2 is added into the degradation solution. This result is consistent with the fact that abundant H2O2 can be photodecomposed into OH· under UV irradiation to accelerate the degradation of an organic pollutant. 31 Therefore, such a proposed photoelectrochemical strategy provides a valid and sensitive method for monitoring PNP degradation. 
Conclusions
In this work, a CdSe QDs and DNA composite-film modified electrode was prepared for the photoelectrochemical determination of PNP, driven by visible light. The sensitive photoelectrochemical response of the modified electrode toward PNP indicates that the as-prepared CdSe-DNA/GCE possesses high photoelectrochemical activity of CdSe QDs and bioactivity of the DNA molecule. Since many genotoxic organic pollutants can interact with DNA and produce a photoelectrochemical response on CdSe QDs, such a CdSe-DNA based strategy will be promising for environmental pollutant monitoring and control. 
